The nucleoprotein (NP) of the influenza virus exists as trimers, and its tail-loop binding pocket has been suggested as a potential target for antiinfluenza therapeutics. The possibility of NP as a drug target was validated by the recent reports that nucleozin and its analogs can inhibit viral replication by inducing aggregation of NP trimers. However, these inhibitors were identified by random screening, and the binding site and inhibition mechanism are unclear. We report a rational approach to target influenza virus with a new mechanism-disruption of NP-NP interaction. Consistent with recent work, E339A, R416A, and deletion mutant Δ402-428 were unable to support viral replication in the absence of WT NP. However, only E339A and R416A could form hetero complex with WT NP, but the complex was unable to bind the RNA polymerase, leading to inhibition of viral replication. These results demonstrate the importance of the E339…R416 salt bridge in viral survival and establish the salt bridge as a sensitive antiinfluenza target. To provide further support, we showed that peptides encompassing R416 can disrupt NP-NP interaction and inhibit viral replication. Finally we performed virtual screening to target E339…R416, and some small molecules identified were shown to disrupt the formation of NP trimers and inhibit replication of WT and nucleozinresistant strains. This work provides a new approach to design antiinfluenza drugs.
The nucleoprotein (NP) of the influenza virus exists as trimers, and its tail-loop binding pocket has been suggested as a potential target for antiinfluenza therapeutics. The possibility of NP as a drug target was validated by the recent reports that nucleozin and its analogs can inhibit viral replication by inducing aggregation of NP trimers. However, these inhibitors were identified by random screening, and the binding site and inhibition mechanism are unclear. We report a rational approach to target influenza virus with a new mechanism-disruption of NP-NP interaction. Consistent with recent work, E339A, R416A, and deletion mutant Δ402-428 were unable to support viral replication in the absence of WT NP. However, only E339A and R416A could form hetero complex with WT NP, but the complex was unable to bind the RNA polymerase, leading to inhibition of viral replication. These results demonstrate the importance of the E339…R416 salt bridge in viral survival and establish the salt bridge as a sensitive antiinfluenza target. To provide further support, we showed that peptides encompassing R416 can disrupt NP-NP interaction and inhibit viral replication. Finally we performed virtual screening to target E339…R416, and some small molecules identified were shown to disrupt the formation of NP trimers and inhibit replication of WT and nucleozinresistant strains. This work provides a new approach to design antiinfluenza drugs.
T he RNA-dependent RNA polymerase (RDRP) of the influenza A virus is composed of polymerase basic protein 1 (PB1), basic protein 2 (PB2), and acidic protein (PA) (1) . The function of RDRP for viral replication requires association with the nucleoprotein (NP) (2) to form the ribonucleoprotein (RNP) complex. Only low resolution structures of the RNP complex are available from cryo-EM studies (2) (3) (4) (5) (6) (7) (8) (9) , whereas high resolution structures have been reported for some individual components or fragments (10) (11) (12) . Crystal structures of NP indicate that it exists in trimers (13, 14) , with the tail-loop (residues 402-428) region playing an important role in the trimerization (Fig. 1A) . Based on the structural information, it was suggested that the tail-loop binding pocket could be a target for antiinfluenza therapeutics (13, 14) .
Disruption of the NP-NP interaction as a strategy for designing antiinfluenza drugs has been further reported. Many mutants of NP, including some tail-loop mutants, lose the ability to support the RDRP activity in reconstitution experiments (2, (15) (16) (17) (18) . In addition, some of the mutants are shown to exist in monomers instead of trimers. These results support the importance of NP in the RDRP activity and viral replication, and the possibility of NP as a drug target. However, it remains to be shown that molecules capable of disrupting the NP-NP interaction would inhibit viral replication.
Recently Kao et al. (19) and our group (20) reported the use of high throughput screening to identify nucleozin and its analogs as inhibitors that halt viral replication by binding to NP and causing its aggregation. These reports validated that the NP protein is an actual drug target. However, the binding sites of the small molecules remain to be established (though the results of revertants suggest that the binding sites are close to Y52 or Y289), and how the binding induces aggregation is not yet clear.
In this work, we used rational design and virtual screening approaches to demonstrate that deaggregation of NP by disrupting the E339…R416 salt bridge can also inhibit viral replication. We first showed that E339A and R416A mutants form hetero complexes with WT NP and inhibit viral replication. These results established the E339…R416 salt bridge as a sensitive drug target. We then designed peptide inhibitors based on the tail-loop structure to demonstrate the principle-that these peptides can disrupt the NP-NP interaction and inhibit viral replication. Finally we used virtual screening to identify small molecule inhibitors to target the E339…R416 salt bridge. These small molecules were shown to disrupt NP-NP interaction and inhibit viral replication of both the wild-type and the nucleozin-resistant strains. The results in this section are in agreement with other reports published (15, 16) while our work was in progress. Based on the crystal structures, we predicted that E339A, R416A, and the tailloop deletion (Δ402-428) mutants will show perturbed NP-NP interactions, which could in turn perturb the ability of NP to interact with RDRP productively. Analyses by analytical ultracentrifugation (AUC) indicated that these three mutants exist as monomers in the free form as opposed to trimers for WT NP, and that their ability to bind RNA was significantly perturbed (SI Text and Fig. S1 ). The luciferase-based reporter assay showed that the three mutants were unable to support the RDRP activity when the mutant was reconstituted with PA, PB1, and PB2 in the absence of WT NP (Fig. 1B, lanes 2-4, black bars) , as expected.
E339A and R416A but not Δ402-428 Can Inhibit Viral Replication. We then performed a competition experiment by including WT NP in the luciferase-based reporter assay of the mutants. As shown in Fig. 1B (gray bars), E339A and R416A were still unable to support the RDRP activity, whereas the deletion mutant restored most of the activity. This result provides a lead for us to propose the following hypothesis: the E339A and R416A mutants, being only slightly perturbed structurally, are still able to form hetero oligomers with WT NP, and that is sufficient to perturb the interactions between NP and RDRP and thus the replication of the virus. On the other hand, the deletion mutant Δ402-428, being To whom correspondence may be addressed. E-mail: chwong@gate.sinica.edu.tw or mdtsai@gate.sinica.edu.tw.
This article contains supporting information online at www.pnas.org/lookup/suppl/ doi:10.1073/pnas.1113107108/-/DCSupplemental. more severely perturbed structurally, is less able to interact with the WT NP and affect viral replication. We constructed and tested the "double mutant," E339A/Δ402-428, which has a greater structural change than the deletion mutant. For the deletion mutant, the remaining E339 may still be able to interact with R416 from WT and cause a small degree of inhibition (gray bar of lane 2), whereas for the double mutant there will be no salt bridge formation with WT NP. As predicted, the double mutant showed nearly full activity in the presence of WT NP (gray bar, last lane of Fig. 1B ; the black bar is still near zero as expected also but it is not relevant to this point).
To further test this hypothesis, Madin-Darby Canine Kidney (MDCK) stable cells expressing WT or mutant NP were created and then infected with the influenza A/WSN/33 (H1N1) virus (WSN). The Western blot analyses of the infected cells (Fig. 1C) showed that the cells containing E339A or R416A point mutants can inhibit the replication of the infected virus by up to 90% (lanes 3 and 4). The deletion mutant had a smaller effect (lane 2), and the double mutant showed no inhibition (lane 5). Complementarily, the viral titers of the cell culture supernatant were also determined by plaque assays (Fig. 1D) , and the results are fully consistent with the Western blot analyses.
Mechanism for the Inhibition of Viral Replication by E339A and R416A.
Here we demonstrate the central part of our hypothesis on the mechanism of inhibition-that E339A and R416A, though only slightly perturbed in structure with disruption in the salt bridge, loses their ability to support the function of RDRP. We first examined the binding of NP mutants with WT NP in cells by cotransfection of FLAG-tagged WT NP and HA-tagged mutant NP. As shown in Fig. 2A (rows I and II), the WT NP pulled down R416A (lane 3) and E339A (lane 4) similarly to the control (lane 1), but it pulled down less of the deletion mutant (Δ402-428, lane 2) and nearly none for the double mutant (E339A/Δ402-428, lane 5). Consistently, rows III and IV of Fig. 2A show that the HA-tagged mutants R416A and E339A can pull down the WT NP with good efficiently (lanes 3 and 4), but the double mutant was unable to pull down WT NP (lane 5). The level of expression (row III) was always lower for the deletion mutant and very low for the double mutant, but the trend is clear as shown by the bar plots.
The result of AUC analyses also confirmed that R416A and E339A could bind WT NP to form hetero oligomers, whereas the deletion mutant Δ402-428 is less able to mix with the WT NP and the double mutant is not mixable with WT NP. As mentioned above, pure WT NP exists predominantly as trimers whereas E339A and R416A exist as monomers. As shown in Fig. 2B , the 1∶1 mixture of WT NP with E339A or R416A exists as a mixture of oligomers (evidence for interaction between WT and the mutants), whereas the corresponding mixture with Δ402-428 or in particular E339A/Δ402-428 remains as separate monomer and trimer. Detailed titration experiments with AUC for the interaction between WT and mutant NP proteins are presented in Fig. S2 . From Fig. S2D , it is clear that starting from the bottom (pure WT trimer), addition of the mutant monomer caused no mixing (at 1∶1 the trimer:monomer ratio is approximately 1∶1). A small degree of mixing occurred with the deletion mutant (Fig. S2C) , and extensive mixing occurred for the point mutants in Fig. S2 A and B .
The interaction of NP mutants with RDRP was next examined in cells infected with the WSN virus. It has been shown previously that NP can pull down PB1, PB2, and PA (21, 22) , a property also confirmed by mass spectrometry. We then compared the PB1 binding ability of WT NP and mutants. Fig. 2C shows that, whereas the HA-tagged wild-type NP pulled down PB1 well, all of the NP mutants pulled down little or none. These results support our hypothesis that R416A and E339A could not bind PB1 because the slightly perturbed hetero complexes with WT NP are unable to further interact with RDRP from the infecting virus, whereas the deletion mutant Δ402-428 and the double mutant E339A/Δ402-428 could not bind PB1 because they cannot interact with the WT NP from the infecting virus.
Finally, the results of the primer extension assay (Fig. 2D ) show that stable expression of E339A or R416A in MDCK cell lines reduced the synthesis of mRNA and vRNA significantly (the cRNA levels are too low to be detected), confirming that the transcription-replication activity of RDRP was inhibited by E339A and R416A. In consistence with the prediction, the deletion mutant Δ402-428 displayed a smaller effect, and the double mutant E339A/Δ402-428 showed relatively minor or no inhibition.
Taken together, the above results suggest that it should be possible to design small molecules or peptides targeting the E339… R416 salt bridge as potential inhibitors of the influenza virus.
Furthermore, we predict that these inhibitors should function by disrupting NP-NP interaction, leading to formation of monomers. This mechanism, if confirmed, will be fundamentally different from the mechanism of nucleozin and its analogs that cause severe aggregation of NP trimers to form high-order oligomers as reported recently (19, 20) . Design and Demonstration of Peptides that Disrupt NP Trimers. As a proof of principle, we first expressed the tail-loop peptide (residues 402-428) fused to the EGFP in HEK293T cells and showed that it binds FLAG-tagged WT NP by immunoprecipitation (IP) assays (Fig. 3A) . Next we used the luciferase-based reporter assay to demonstrate the inhibition effect of the tail-loop peptide on RDRP activity in HEK293T cells (Fig. 3B) . Finally the EGFPfused tail-loop peptide was transfected into HEK293T cells that were subsequently infected with the H1N1 virus. As shown in Fig. 3 C and D , the EGFP-fused tail-loop peptide was able to slow down the replication of the virus by >50% based on the Western blot analyses and the plaque assays (as described in Fig. 1 C and  D) . We have also confirmed by AUC analyses that, contrary to the aggregating effect of nucleozin and its analogs (19, 20) , binding of the tail-loop peptide causes inhibition of the NP oligomerization in the presence of RNA (Fig. 3E) .
We then tried to improve the effects of the tail-loop peptide by making it shorter and cyclic, and testing their effects by direct addition to cells rather than overexpression in cells. We also used these peptides to show that disruption of the NP trimer formation based on AUC analysis is a feasible predictor for the inhibitory effect. As shown in Fig. 4A , the seven-residue peptide (peptide 1) from residues 411-417 of the tail-loop disrupted WT NP trimerization only slightly, but the effect was substantially enhanced when the peptide is cyclized to restrict its conformation by adding two Cys residues on both ends (peptide 2). A slightly larger cyclic peptide, peptide 3 (residues 409-418), showed a slightly greater effect. Then we analyzed the WSN viral yield reduction by these peptides at different doses. As shown in Fig. 4B , both peptide 2 and peptide 3 were modestly effective in protecting the host cells from viral infection, with the antiviral IC 50 values of about 1 mM (Table 1) . To verify that the peptides inhibited viral replication by perturbing the RDRP activity, we performed the in vitro transcription assay and the results are shown in Fig. 4C . The results establish that both cyclic peptides 2 and 3 were able to inhibit the influenza viral replication and reduce the viral transcription activity.
In principle it is possible to design other peptides and peptidomimetics with improved inhibitory effects, but our purpose for the peptide studies was mainly to demonstrate the feasibility of our approach. Our goal was to identify small molecule inhibitors against the E339…R416 target site, as described below.
Virtual Screening for Small Molecules that Can Perturb the E339…R416 Salt Bridge. The virtual screening method is described in SI Materials and Methods. Twenty-four compounds were selected from a library of 1,775,422 compounds and verified in cell viability antiviral assays (Fig. S3) . Of the 24 hits, we tested compounds 3, 5, 7, 12, 20, and 23 (which were readily available commercially) by AUC, and found that four compounds, 3, 7, 12, and 23 were able to disrupt NP trimerization and induce formation of NP monomers (Fig. S4 A-E), suggesting that they likely can hit the target of the E339…R416 salt bridge as predicted. In contrast, we also show that nucleozin (compound 788) and compound 3061 from our previous report (20) caused aggregation of the NP trimer (Fig. S4 F and G) .
We then further characterized the inhibitory properties of the four compounds. Fig. 5A shows the results of antiviral dose response curves, and Fig. 5B shows the results of antiviral assays. The antiviral IC 50 values are shown in Table 1 . The results support that the four compounds identified by the virtual screening method are able to inhibit the activity of RDRP and viral replication. Because compound 3 showed the best inhibitory activity, with an antiviral IC 50 value as low as 2.7 μM, we focused on compound 3 in the in vitro transcription assay, and confirmed its effect as shown in Fig. 5C . Fig. 5D shows the modeled structure of the NP-compound 3 complex. As illustrated, the dichloro-anilino group of the inhibitor could be docked in a hydrophobic site, formed by Phe304, Trp330, Ala336, Ile347, and Ala387, which is originally occupied by Phe412 from the tail-loop. The aromatic ring of the inhibitor could form aromatic-pi interactions with Phe304 and Trp330 and cation-pi interaction with Arg389. The nitrogen atoms of the anilino-thiazole-carboxamide groups of compound 3 could mimic the tail-loop Arg416 and interact with the carboxylate of Glu339. In addition, the morpholino and propyl moieties of compound 3 could be docked into the pocket that was occupied by Ile408 and Pro419 of the tail-loop.
Comparison with Nucleozin Analogs. In addition to the AUC analyses showing different mechanism of the interaction with NP between our compounds and nucleozin analogs as described in Fig. S4 , the immunostaining data in Fig. 6 also indicate that compounds 3, 7, 12, and 23 did not cause the aggregation that was observed for nucleozin and compound 3061 under in vivo conditions. These results clearly establish that our compounds and nucleozin analogs interact with NP via different mechanisms, and that both interactions can lead to inhibition of the viral replication.
To provide further support to the above statement, we showed that compound 3 is capable of inhibiting nucleozin-and 3061-resistant strains of the virus. Fig. 5C shows the dose response curves, and Table 2 summarizes the IC 50 values of the antiviral assay results of these compounds against influenza viruses derived from recombinant WSN (rWSN), nucleozin-resistant rWSN variant (Y289H mutation at NP), and compound 3061-resistant rWSN variant (Y52H mutation at NP) (19, 20) , and Y52H/ Y289H double mutant. The results indicate that the strains resistant to nucleozin or 3061 are not resistant to compound 3.
Conclusion.
Our results demonstrate that the salt bridge Arg416…Glu339 is a specific target for rational design of new antiinfluenza drugs by disrupting NP-NP interactions. These results complement the recent report by Kao et al. (19) and Su et al. (20) on the use of random screening to identify nucleozin and its analogs that bind NP, cause aggregation, and inhibit viral replication. Together the two approaches reenforce that NP is a highly feasible antiinfluenza drug target.
Even though the four small molecule inhibitors described in this paper are less effective than nucleozin and its analogs in inhibiting the viral replication (the smallest antiviral IC 50 obtained from the two studies are 1.7 μM for compound 3 and 0.3 μM for compound 3061), our results are potentially more significant than the two previous reports (19, 20) on the basis of the following considerations: (i) The compounds we identified are only the first generation hits from virtual screening against the target site identified by a rational approach. It is highly likely that these "lead compounds" can be further optimized to become potent inhibitors, particularly because their target site is known.
(ii) Our compounds are effective against the viral variants resistant to nucleozin and 3061. (iii) Because the E339…R416 salt bridge is very highly conserved, it is less likely for the virus to develop resistance against the drugs targeting this specific site.
Materials and Methods
For a complete description of the materials and methods, see SI Materials and Methods. In summary, this section consists of the sources of the compounds and peptides used in the inhibition assays, and the viruses, cells, and plasmids used in various experiments. The section also includes detailed procedures for expression and purification of NP and its mutants, the luciferase-based reporter assay, Western blot analysis, plaque assays, analytical ultracentrifuge analysis, circular dichroism analysis, the virtual screening (Fig. S5) , the primer extension assay, the in vitro transcription assay, the preparation of isogenic recombinant influenza viruses, the antiviral assay, the cytotoxicity assay, and the immunofluorescence studies. 
